Abstract Suspension-emulsion polymerization was applied to obtain porous microspheres of 2,3-epoxypropyl methacrylate (GMA) cross-linked with 1,4-di(methacryloyloxymethyl)-naphthalene (DMN). In the next step, the porous methacrylate network was modified by subsequent reaction with diethylenetriamine. The newly obtained functionalized material was characterized in detail. After the process of modification, a drop in the value of specific surface area of the functionalized copolymers was observed. Their thermal behavior was monitored by TG/DSC/FTIR methods in inert and oxidative conditions. The reaction with diethylenetriamine resulted in the decrease in thermal resistance of the obtained porous microspheres. Initial decomposition temperatures (IDTs) established in helium atmosphere fell down from 258-269°C for parent copolymers to 206-220°C for modified ones. The same situation was observed in synthetic air atmosphere. IDTs decreased from 249-269 to 207-230°C. Moreover, the thermal decomposition of the functionalized microspheres exhibited multistage decomposition patterns different from parent GMA-DMN copolymers.
Introduction
One of the most interesting types of materials is polymers with a permanent porosity. This feature, combined with chemical and thermal resistance, makes it possible to use them in miscellaneous adsorption techniques. Porous polymers are used as packing for HPLC [1] [2] [3] [4] , GC [5] and SPE [6] [7] [8] columns and also as specific adsorbents [9] [10] [11] [12] [13] [14] , ion exchangers [15, 16] , cell culture media, blood flow indicators, peptide synthesis media, adsorbents in extracorporeal therapy, carriers of biologically active substances [17, 18] , catalysts [19] [20] [21] , etc. In comparison with commonly used adsorbents based on silica gel, they are characterized by the stability in the whole pH range, simplicity of introduction of functional groups, ability to create places for specific sorption. They combine in their structure the most desirable features of polymers and porous materials. Especially interesting are adsorbents of a polar nature that have affinity for a wide range of organic compounds. However, the direct synthesis of polar adsorbents is very often limited due to differences in the reactivity ratios of functional monomers and commonly used cross-linking agents. To overcome this limitation, monomers with oxirane ring are applied in the synthesis. Due to high steric stresses, the three-membered oxirane ring belongs to very reactive systems, and consequently, multi-directional chemical modification of synthesized polymers becomes possible. The newly created materials have different physical and chemical properties.
The main aim of this paper was the chemical modification of porous microspheres of 2,3-epoxypropyl methacrylate (GMA) cross-linked with 1,4-di(methacryloyloxymethyl) naphthalene (DMN) by diethylenetriamine (A) and next the determination of their thermal properties by means of DSC and TG coupled with FTIR. Additionally, the textural characterization was carried out on the basis of the low-temperature nitrogen adsorptiondesorption.
Experimental
Chemicals GMA from Sigma-Aldrich was washed with 5% aqueous sodium hydroxide in order to remove inhibitors. Bis(2-ethylhexyl) sulfosuccinate sodium salt (DAC, BP) and a,a 0 -azoisobutyronitrile (AIBN) from Fluka AG (Buchs, Switzerland) and diethylenetriamine from Sigma-Aldrich were used without purification. Toluene and methyl alcohol (reagent grade) were purchased from POCh (Gliwice, Poland), whereas DMN was obtained in our laboratory according to the procedure described elsewhere [22] [23] [24] .
Preparation and modification of the GMA-co-DMN microspheres Copolymerization was performed in an aqueous suspension medium. 195 mL of distilled water and 2.2 g of DAC, BP were stirred for 2 h at 80°C in order to dissolve the surfactant. Then the solution containing 15 g of monomers (GMA and DMN) and 0.2 g of AIBN dissolved in 22.5 mL of toluene was prepared and added while stirring to the aqueous medium. Molar ratios of GMA to DMN were changed from 1:1 to 5:1. Copolymerization was performed for 20 h at 80°C. Porous beads formed in this process were filtered off, and an extensive cleaning procedure was applied in order to remove the diluent unreacted monomers and physically adsorbed stabilizer. The cleaning process was as follows: The microspheres were separated from the aqueous phase by filtration of the polymerization mixture by 5 lm filter papers. The microspheres were first washed with water, and the polymeric aggregates were removed by sieving. The microspheres were dispersed in water, and the dispersion was sonificated for 0.5 h in an ultrasonic bath. Next, the water phase was removed and the microspheres were resuspended in methyl alcohol. This dispersion was sonificated for 1 h. Methyl alcohol was removed, and the microspheres were transferred into toluene and were kept there by stirring about 0.5 h. Then, the toluene was removed, and microspheres were stirred with methyl alcohol for about 0.5 h. Methyl alcohol was removed, and the microspheres were washed with distilled water, filtered and dried in vacuum oven at 65°C for 48 h.
The epoxy groups present in the copolymers were modified by the reaction with diethylenetriamine (Fig. 1) . The procedure was as follows: In a 250-cm 3 round-bottomed two-necked flask equipped with a mechanical stirrer and a thermometer, 10 g of selected beads was placed together with diethylenetriamine and 200 mL of toluene, and the whole was heated in a water bath at 80°C for 24 h. The modified beads obtained were washed with distilled water, collected by filtration, dried and extracted in a Soxhlet apparatus with boiling toluene for 5 h. The product was then dried under reduced pressure at 30°C.
Methods of analysis
Textural characterization of the copolymers was carried out by the low-temperature nitrogen adsorption-desorption method. Nitrogen adsorption-desorption isotherms were obtained at the liquid nitrogen temperature using a volumetric adsorption analyzer ASAP 2405 (Micromeritics Inc., USA). The measurements of the porous structure of the copolymers were taken by outgassing of the samples at 140°C for 2 h. The specific surface area of the investigated samples was calculated by the Brunauer-Emmet-Teller (BET) method for the adsorption data in the range of a relative pressure p/po 0.05 to 0.25. The total pore volume was estimated from a single point adsorption at a relative pressure of 0.985. The pore size was obtained from the desorption branch of the isotherm using the Barrett-Joyner-Halenda (BJH) procedure.
The microspheres were imaged using a LEO 1430 VP numerical scanning electron microscope (SEM) from Carl Zeiss (Germany) with a countershaft and an energy-dispersive X-ray detector.
Attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectra were obtained with a Bruker Tensor 27 FTIR spectrometer (Germany). The FTIR spectra were recorded in the spectral range of 600-4000 cm -1 with 16 scans per spectrum with a resolution of 4 cm -1 . The thermal properties of the synthesized copolymers were evaluated on the basis of measurements performed using the STA449, F1 Jupiter analyzer from Netzsch (Günzbung, Germany). The procedure was as follows: About 10 mg of the sample was placed in the pan and heated in helium or in synthetic air atmosphere at a rate of 10 K min -1 up to 1000°C. The initial decomposition temperature (IDT), the temperatures of 20% (T 20% ) and 50% (T 50% ) mass losses and the final decomposition temperature (FDT) were determined.
The gaseous decomposition products formed under the degradation of functionalized copolymers were analyzed by means of a Bruker Tensor 27 FTIR spectrometer (Germany) coupled online to a STA instrument by a Teflon transfer line. Each FTIR spectrum was gathered every 10°C in the spectral range from 600 to 4000 cm -1 with a resolution of 4 cm -1 . Differential scanning calorimetric (DSC) measurements were taken with the Netzsch DSC 204 calorimeter (Germany) operating in the dynamic mode. The dynamic scans were performed at the heating rate of 10 K min -1 from room temperature to the maximum of 500°C under argon (30 mL min -1 ) atmosphere. The mass of the sample was about 10 mg. As a reference, an empty aluminum crucible was used.
Results and discussion
For the preparation of porous DMN-co-GMA copolymermodified suspension (called suspension-emulsion), polymerization was used. In this technique, the stabilizer of high molecular weights typical for suspension polymerization was replaced by an anionic surfactant-DAC, BP. The surfactant exceeded the critical micelle concentration (cmc), and the process of polymerization proceeded in the created micelles. As a result, regular microspheres were formed. In order to increase the amount of reactive epoxy group, the molar ratio of the functional monomer (GMA) to the cross-linker (DMN) was increased from 1:1 to 5:1.
In the next step of the investigation, a reaction with diethylenetriamine was conducted. During the reaction, epoxy groups present in the copolymer matrix were opened, and porous microspheres with pendant amine functionalities were obtained. Their diameters were in the range 20-50 lm (Fig. 2) . The symbols of newly created copolymers, based on the molar ratio of monomers in the polymerization mixture, are listed in Table 1 . The proper course of the reaction was also confirmed by the elemental analysis and ATR-FTIR spectroscopy. In the structure of the modified copolymers, considerable amount of nitrogen was found ( Table 2 ). The content of nitrogen increases along with the enlargement of epoxy group that is capable of reacting with diethylenetriamine. Comparing the ATR-FTIR spectra of modified and parent copolymers, disappearance of absorbance peaks originating from epoxide ring (992, 906 and 841 cm -1 ) is observed, whereas new peaks coming from amine group (3352 cm -1 -N-H stretching vibrations and 1571 cm -1 -N-H bending vibrations) and hydroxyl group (3583 cm -1 -O-H stretching vibrations and 1060 cm -1 -C-OH bending vibrations) are observed (Fig. 3) .
As the investigated microspheres can be applied as adsorbents, it was also of interest to investigate their internal structure. Generally, the more the GMA monomer
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in the polymerization mixture, the lower the values of specific surface area [25] . Additionally, the reaction with diethylenetriamine leads to noticeable decrease in the basic parameters of the internal structure of the modified copolymers. The value of specific surface area decreases from 106 m 2 g -1 for DMN-co-GMA1 copolymer to 77 m 2 g -1 for DMN-co-GMA1?A. Simultaneously the pore volume declines from 0.380 to 0.265 cm 3 g -1 (Table 3 ). In the case of the least cross-linked DMN-co-GMA5 copolymer, diminution of S BET from 42 to 31 m 2 g -1 and pore volume from 0.305 to 0.213 are observed. Bimodal pore size distribution for DMN-co-GMA1 maintains its character after modification, but the maxima determined for parent copolymer (4 and 25 nm) are shifted toward smaller values for functionalized one (3.5 and 12 nm). For the remaining copolymers, only one maximum of pore size distribution is noticed. Nevertheless, the tendency of the decrease in its value after the process of modification is continued (Fig. 4) .
The process of modification of the DMN-co-GMA copolymers with diethylenetriamine also contributes to the changes in the thermal properties of the newly obtained materials in both atmospheres. Figure 5 presents the thermogravimetric (TG) curves of DMN-co-GMA1 and DMNco-GMA1?A copolymers as an example.
As can be seen, the modification process leads to significant drop in the thermal resistance of the copolymers with amine functionalities. The IDT for the measurements conducted in helium decreases from 269°C determined for the DMN-co-GMA1 copolymer [25] to 220°C for DMNco-GMA1?A one. For the remaining copolymers of the investigated series, the drop is even more notable. The IDTs fall from 258-268°C for the parent copolymers to 206-208°C for modified ones (Table 4 ). This phenomenon can be caused by the increased amine content in the functionalized copolymers. The same tendency is observed in the case of analysis conducted in the atmosphere of synthetic air. IDT for the DMN-co-GMA1?A copolymer is equal to 230°C comparing to 269°C for unmodified DMN-co-GMA1 one. For the rest of the investigated copolymers (Table 5 ), the decrease is at the similar level. TG and differential TG (DTG) curves of the all investigated DMN-co-GMA?A copolymers obtained in helium are shown in Fig. 6 . The decomposition process in helium proceeds in three (with the exception of DMN-co-GMA5?A) partially superimposed stages. The analysis of the chemical structure of DMN-co-GMA?A copolymers suggests that both a-hydrogen bond scission (formation and emission of aldehydes) and b-hydrogen bond scission (formation and emission of carboxylic and vinyl compounds) are possible. However, in the case of highly cross-linked copolymers the random chain scission is also probable. The first decomposition stage with the maxima in the range of 260-280°C can be associated with the degradation process of epoxy rings that are still present in the polymer network. At the second one with the maxima in the range of 346-380°C, mainly chain scission of ester bonds may occur. The highest maximum temperature of this step is observed for the most crosslinked copolymer (DMN-co-GMA1?A) that contains the largest amount of ester bonds. At the third stage (403-412°C), thermal degradation of cross-linked parts of the copolymers may take place. What is interesting, in the case of the copolymer with the highest content of amine functionalities (DMN-co-GMA5?A) the second and third stages are coupled in one with the maximum at 403°C. Figure 7 displays TG and DTG curves for all DMN-co-GMA?A copolymers obtained in synthetic air. Comparing with helium atmosphere, the curves are more diversified. The decomposition process proceeds in four stages, and the difference between the individual copolymers is more visible. The IDTs for all copolymers under study are higher than temperatures determined in helium. The same situation is observed for the FDTs. Additional stage in the decomposition can be attributed to oxidative degradation of ester bonds.
The proposed course of the decomposition process is reflected in the analysis of the volatile decomposition products. The analysis was conducted for the selected copolymer, i.e., DMN-co-GMA4?A. Figure 8 displays 3D diagrams of FTIR spectra of gases evolved during thermal decomposition of this copolymer in helium and synthetic air atmospheres. It is clearly visible that at temperatures ranging from 40 to 260°C only the moisture vaporization from the studied materials is observed. As the temperature increased, the formation of additional gaseous products was observed. The maxima of gases emissions are in accordance with the maxima determined from DTG curves. For the detailed discussion of the obtained results, the maxima were extracted and are shown in Figs. 9 and 10. At the emission spectrum collected in helium (see Fig. 9 ) at the first maximum of decomposition (temperature 260°C), bands connected with the evolution of unsaturated aliphatic compounds (at * 3070 to 2850 cm -1 , attributed to the C-H stretching vibrations of methylene, methyl and vinyl groups and at 965 and 931 cm -1 , related to the C-H out-of-plane deformation vibrations of vinyl group) are visible. They can suggest the b-elimination decomposition of epoxide and ester functionalities. What is more, bands connected with carbonyl compounds including esters (bands at * 1750 cm -1 , characteristic of the C=O stretching vibrations and at 1158 cm -1 , connected with the C-O stretching vibrations of the ester groups), carbon dioxide (bands at 2359-2310 cm -1 , attributed to the asymmetric stretching vibrations and at 669 cm -1 , associated with the degenerate bending vibrations) and evolution of water (bands at * 4000 to 3500 cm with the stretching vibrations and at * 1800 to 1300 cm -1 -with the bending vibrations) can be found. In the second stage (the maximum at 356°C), the same bands as in the previous one are observed, but their intensity is much higher. Also bands pointing to the formation of carbon monoxide (bands at 2181 and 2114 cm -1 , related to the stretching vibrations) appear. Creating unsaturated aliphatic compounds is confirmed by the presence of the bands at 1460-1300 cm -1 that correspond to the deformation vibrations of methylene, methyl and vinyl groups. The absorption band at 3582 cm -1 (related to the O-H stretching vibrations) indicates the emission of allyl alcohol or glycidol that can be the products of ester and epoxide decomposition [26] . Additionally, bands indicated different types of carbonyl compounds (at 1765 and 1732 cm -1 ) are present. Apart from esters, also the aldehydes can be emitted what is confirmed by the bands in the region of * 2800 to 2700 cm -1 . This phenomenon indicates that a-hydrogen bond scission degradation can occur in the case of DMN-co-GMA?A copolymers.
The next maximum of emission of gases formed during the copolymer decomposition was observed at 412°C. At this temperature, mainly the cross-linked parts of the sample decomposed, and in consequence, significant evolution of carbon dioxide (bands at 2359-2310 cm -1 , attributed to the asymmetric stretching vibrations and at 669 cm -1 , associated with the degenerate bending vibrations) and carbon monoxide (bands at 2181 and 2114 cm -1 , related to the stretching vibrations) connected with decarboxylation processes was observed.
As the three stages are partially superimposed, the same products of the chain scission can appear in each of them.
In oxidative conditions, the obtained spectra (Figs. 8,  10 ) are less diversified compared to the spectra received in inert conditions. At first, second and third stages (the maxima at 259, 323 and 343°C, respectively), bands confirming a-hydrogen and b-hydrogen bond scission can be found, leading to the formation of unsaturated aliphatic compounds (bands at 936 cm -1 , attributed to the C-H deformation vibration of vinyl group, at 1650 cm -1 , related to the C=C stretching vibrations and at 3095 cm -1 -to the C-H and = CH 2 stretching vibrations), carbonyl compounds (bands at 1793-1740 cm -1 , connected with the C = O stretching vibrations), other aldehydes (bands at 2819 and 2748 cm -1 , associated with the C-H stretching vibrations) and carboxylic spices, including esters (bands at 1156-1134 cm -1 , connected with the C-O stretching vibrations). It can be also noticed that the greatest amount of those products, with the exception of carbon dioxide, was evolved during the first decomposition stage. Moreover, in the spectra the band characteristics of water and carbon monoxide are visible. At the last stage with the maximum at 521°C only water, carbon monoxide and a large amount of carbon dioxide were formed. co-GMA4?A copolymer, three main peaks are visible with reference to two exhibited on the DMN-co-GMA4 one.
The first with the maximum at 75°C is connected with the evolution of water adsorbed by more polar surface of DMN-GMA4?A copolymer, whereas the second with the maximum at 420°C is associated with the decomposition of cross-linked polymeric matrix. In turn, the first peak on DMN-co-GMA4 curve refers to the decomposition of epoxy groups that are not present in the case of the modified copolymer. On the other hand, the modified copolymers possess amine functionalities that contribute to another additional peak with the maximum at 510°C. Thermal behavior of the discussed copolymers was also investigated by means of the DSC method. Figure 12 shows DSC curves for all functionalized copolymers obtained in helium atmosphere. By looking at the curves, few thermal events can be seen, both exothermic and endothermic ones. The first endothermic peak on the DSC curve can be attributed to the process of moisture vaporization from the studied materials. Along with the increase in the amount of amine functionalities in the copolymer, the amount of adsorbed water significantly increases. The second endothermic peak with the maximum at 267-279°C (depending on the copolymer) can be attributed to the degradation reaction of ester groups. The third endothermic peak with the maximum at 408-412°C indicates the thermal degradation of the cross-linked parts of the copolymers. Also the exothermic reactions in the thermal treatment of DMN-co-GMA?A copolymers can be seen on the DSC curves. The first exothermic peak at 217-221°C could be caused by pendant double bonds. Highly cross-linked porous copolymers can contain considerable amount of unreacted double bonds that can undergo reaction of thermal polymerization. As a result, a peak indicating the exothermal reaction can be observed. The second exothermic peak following the first step of endothermic decomposition can be ascribed to a thermal cross-linking reaction unreacted epoxide and incorporated amine groups with carboxylic acid groups, which are formed in the first step of thermal degradation by the random chain scission reactions.
In the synthetic air atmosphere, a series of exothermal events take place (Fig. 13) . The first exothermic process (maximum at 256-262°C) can be connected with the thermal polymerization of double bonds that are located close to each other. Another exothermic reaction (at 310-323°C) can be related to the double-bond oxidation, resulting in the formation of carbonyl groups. In the third step, the newly formed groups can undergo the exothermic cross-linking reaction. The last step is connected with the final oxidative decomposition.
Conclusions
In the present study, porous DMN-co-GMA copolymers were functionalized with diethylenetriamine. The newly obtained functionalized materials were characterized in detail. Their thermal behavior was monitored by TG/DSC/ FTIR methods in inert and oxidative atmospheres. The conducted studies lead to the conclusion that the process of functionalization strongly influenced the textural and thermal properties of the copolymers. The introduction of amine groups into methacrylate matrix induced the considerable drop in the value of the basic parameters of the internal structure. Also the thermal resistance of the newly obtained materials decreases. The IDTs established in helium atmosphere fell down from 258-269°C for parent copolymers to 206-220°C for modified ones. Analogical drop is observed in the case of synthetic air atmosphere. The examination of the DTG curves shows that the thermal decomposition of the functionalized copolymers conducted in helium proceeded in three stages, whereas in synthetic air it was in four ones. Moreover, on the basis of detailed analysis of the volatile decomposition products it can be stated that modified DMN-co-GMA?A copolymers can decompose according to the a-hydrogen and b-hydrogen bond scission mechanisms. Random chain scission mechanism is also probable.
